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Abstract—Experimental results of time delay ripples in dis-
persion compensating fiber Bragg gratings fabricated with either
holographic or electron-beam written 10-cm-long phase masks
are presented. Deviations from linear phase delay are dependent
upon UV exposure uniformity and phase mask errors.
Index Terms—Apodization, chirped fiber Bragg gratings, dis-
persion compensation, wavelength-division multiplexing, zeroth-
order nulled phase masks.
I. INTRODUCTION
CHIRPED fiber Bragg gratings (CFBG), made usingzeroth-order-nulled phase masks, have been shown to
compensate efficiently for chromatic dispersion in optical
fiber communication networks [1]–[3]. Recently, very long
CFBG’s (up to several meters in length) have been fabricated
in order to compensate for chromatic dispersion across the
entire erbium-doped fiber amplifier band. These fiber gratings
are much longer than the phase masks (10–15 cm) which are
used in their production [2], [3]. Ideally, the spectral delay
characteristic of a CFBG used for dispersion compensation
should have a linear response. In practice, however, there
are delay ripples that can impact system performance. The
ripples arise from imperfect apodization [1], phase errors in
electron-beam fabricated phase masks [4], and nonuniformity
of the fiber and UV irradiation [5], [6]. Large delay ripple
amplitude can cause intersymbol interference resulting in a
system eye-opening penalty [5] while the delay ripple period,
when it is large compared to the signal bandwidth, can result
in device dispersion that varies with wavelength [3], [5].
In this letter, we compare the group delay ripple of both fully
and partially apodized CFBG’s. These devices were fabricated
using either a 10-cm linearly stepwise chirped electron-beam
written phase mask (E-device) or a stitch-error-free 10 cm
continuously chirped holographically written phase mask (H-
device). To our knowledge, this letter is the first report of a
CFBG fabricated with a 10-cm-long holographically written
phase mask.
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Fig. 1. Excimer beam profiles used for the fabrication of CFBG’s. The
60-mm beam width profile is denoted by the solid line. The 100-mm beam
width profile by the dotted line.
II. EXPERIMENT
Each CFBG was fabricated by irradiating hydrogen-loaded
Corning SMF-28 fiber with several thousand pulses from a
Lumonics KrF excimer laser operating at a repetition rate of
50 Hz through one of the phase masks. Using a vignetting
aperture to sample the most uniform portion of the excimer
discharge and a beam expansion telescope, uniform top-hat
irradiation of 60 mm in length was achieved as measured
with a beam profiler. The fluence of the beam at the fiber
surface was 65 3 mJ/cm per pulse along the 60 mm
length. By opening the vignetting aperture further, longer beam
lengths of 100 mm were possible but with reduced uniformity.
The resultant fluence approaching the edges of the wider
beam was reduced, contributing a Gaussian component to the
profile. The 60 and 100-mm-wide beam profiles are shown in
Fig. 1. Both full and partial
apodization functions were used with the double-exposure
photo-imprinting technique [1] to fabricate the CFBG’s.
The e-beam mask used in this investigation was fabricated
using a raster-scan electron-beam machine to produce a step-
chirp mask with 200 groups of 10 fields with each field being
50 m in length [4]. The period changed with each group
resulting in a stepwise chirp of 0.055 nm/cm. The central
mask pitch of the mask was 1.0704 m. Strong Fabry–Perot
resonances were present in the broadband reflection spectrum
of the devices made with the mask indicating the presence of
systematic stitching errors. The second mask was a 10-cm-long
holographically written chirped phase mask from Lasiris with
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Fig. 2. Deviation from linear group delay over the 3-dB bandwidth of the
fully apodized 60 mm gratings. The upper trace is the response from the
grating written with the e-beam mask while the lower trace is the response
from the grating written with the holographic mask. Simulated curves are
denoted by the dotted lines.
a continuous chirp of 0.11 nm/cm and a central mask pitch
of 1.0684 m. The technique used to measure the dispersion
characteristic of the devices has been described previously [7].
Group delay spectra were obtained with 1 pm wavelength
resolution and 2-ps time resolution using 800-MHz signal
modulation.
Simulations were performed based on the algorithms dis-
cussed in [8] and [9]. Index modulations and dc index level
changes that generated a 10-dB transmission within the
Bragg resonance band were selected. In addition, the UV beam
profiles and appropriate discretization of the apodization func-
tions were used. For the e-beam mask, a random stitch error
of 2.5 nm 1.25 nm between each 50- m field was assumed.
Fiber nonuniformity, variation in fiber photosensitivity as a
result of UV exposure and out-diffusion of hydrogen were not
considered.
III. RESULTS
Fully apodized CFBG devices of 60- and 100-mm lengths,
as well as partially apodized devices of 100 mm in length,
were fabricated with each phase mask. For a particular beam
width and apodization, CFBG writing conditions were such
that similar reflectivities were obtained with each phase mask.
All devices had reflectivities of 80%–90% within the Bragg
resonance band. Since the chirp rate of the holographic mask
was twice that of the e-beam mask, the resultant 3-dB band-
width of the H-devices was twice as large as that of the
corresponding E-devices of the same length. Therefore, the
linear time delay for the E-devices (1300 ps/nm) was twice
that of the H-devices (670 ps/nm).
Responses of fully apodized 60 mm long devices fabricated
with each phase mask are shown in Fig. 2. The spectral
delay ripple of the H- and E-devices are comparable with
maximum ripple amplitude of 7 and 11 ps, respectively.
The simulated response for the E-device is consistent with the
experimental data, while the simulated H-device response had
much lower ripple amplitude. Fully apodized devices were also
fabricated using the 100-mm beam length and are shown in
Fig. 3. For the 100-mm-long H-device, the peak-to-peak ripple
Fig. 3. Deviation from linear group delay over the 3-dB bandwidth of the
fully apodized 100-mm gratings. The upper trace is the response from the
grating written with the e-beam mask while the lower trace is the response
from the grating written with the holographic mask. Simulated curves are
denoted by the dotted lines.
Fig. 4. Deviation from linear group delay over the 3-dB bandwidth of the
partially apodized 100-mm gratings. The upper trace is the response from the
grating written with the e-beam mask while the lower trace is the response
from the grating written with the holographic mask.
amplitude is also 7 ps, however, third-order dispersion [2] is
seen as a bow which results in a 12-ps deviation from linearity
on the ends of the device. If the device is probed from the
long wavelength side, the bow has a negative deviation at the
edges, if probed from the short wavelength side, the deviation
is positive. For the 100-mm-long E-device, the peak-to-peak
ripple was doubled to 23 ps with a bow that deviates from
linearity by 25 ps at the ends of the device. The third order
dispersion bow amplitudes of the simulated responses are half
that of the actual devices. For the E-devices, our simulations
show that the stepwise nature of the chirp does not contribute
significantly to the group delay ripple.
In practice, partial apodization is required for dispersion
compensation applications in order to maximize the bandwidth
utilization [10]. In Fig. 4, deviations from linear group delay
are presented for partially apodized 100-mm-long E- and H-
devices. The ripple amplitude remains almost the same for the
H-device ( 10 ps), but the bow deviates from linearity by 28
ps at the ends of the device. For the E-device both the peak-
to-peak group delay ripple as well as the bow have increased
to 28 and 53 ps, respectively.
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Fig. 5. Comparison of deviation from linear group delay over the 3 dB
bandwidth of simulated fully apodized 100-mm devices. The upper two traces
are simulations with random stitch errors of 2.5  1.25 nm every 50 m
while the lower two traces are stitch error free simulations. 0.055 nm/cm
chirp devices are denoted by dotted curves while 0.11-nm/cm devices are
denoted by solid curves.
Since devices of different chirp rates are being compared,
simulations of the impact of chirp rate variation on group
delay ripple were done. In Fig. 5, simulations of 100-mm fully
apodized devices with and without stitch error and with 0.055
and 0.11-nm/cm chirp rates are presented. By doubling the
chirp rate, the bow amplitude is halved. When stitch error
is introduced, similar peak-to-peak ripple amplitudes are seen
between the two chirp rates. With the bow amplitudes removed
from the stitch error curves (i.e., by subtracting the lower stitch
error free curves from the upper stitch error curves in Fig. 5),
the maximum deviation from linear group delay are 17 and
16 ps for 0.055 and 0.11 nm/cm chirps, respectively.
IV. DISCUSSION
For both types of masks, little bow is seen in the group delay
ripple when a uniform beam length of 60 mm was used to write
the CFBG’s. By increasing the beam width from 60 to 100
mm, the UV beam is no longer uniform over the entire width
and has a Gaussian component at the beam edges. By reducing
the apodization from a full to a partial one, the impact of this
Gaussian component is increased, resulting in an increase in
the bow in the group delay ripple. The Gaussian component
thus generates a slightly lower average index change on the
ends of the device.
When the ripple amplitude is considered, the two masks
behave differently. In the case of the holographic mask,
increasing the effects of the beam nonuniformity increases the
peak-to-peak ripple amplitude by 43% from 7 to 10 ps.
Ideally a holographic mask free of phase errors should produce
very small ripple similar to the simulated values. Inspection
of the holographic mask under an optical microscope revealed
the presence of small defects which could account for the
ripple in the H-devices. Obtaining a quantitative estimate of
the size and density of these defects is difficult hence we did
not attempt to include this information in the modeling. When
the e-beam mask is considered with its random stitch errors,
the amplitude of the group delay ripple increases by 250%
from 11 to 28 ps. Although halving the chirp rate doubles
the bow amplitude, our simulations show that the variation in
chirp rate has little effect on the peak-to-peak ripple amplitude.
As the length of the CFBG device is increased, so too is the
contribution of stitch error noise to the delay ripple [6].
V. CONCLUSION
We have shown experimentally that there are two sources
of deviation from linearity of the group delay response for
chirped fiber Bragg grating dispersion compensators. We ob-
serve that higher order deviations from linearity are mainly due
to nonuniformities in the UV irradiation of the fiber. Devices
fabricated with an e-beam written phase mask have larger
group delay ripples than devices made with a holographically
written phase mask which cannot be accounted for by the
difference in chirp between the two masks. As the effective
length of the phase mask is increased, corresponding increases
in peak-to-peak ripple are seen in the case of the E-devices
while little increase in ripple is observed for the H-devices. The
difference is explained by the random stitch errors present in
the e-beam mask.
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